Purpose Axial loading of the spine while supine, simulating upright posture, decreases intervertebral disc (IVD) height and lumbar length and increases lumbar lordosis. The purpose of this study is to measure the adult lumbar spine's response to upright posture and a backpack load using upright magnetic resonance imaging (MRI). We hypothesize that higher spinal loads, while upright and with a backpack, will compress lumbar length and IVD height as well as decrease lumbar lordosis. Methods Six volunteers (45 ± 6 years) underwent 0.6 T MRI scans of the lumbar spine while supine, upright, and upright with a 10 % body weight (BW) backpack. Main outcomes were IVD height, lumbar spinal length (distance between anterior-superior corners of L1 and S1), and lumbar lordosis (Cobb angle between the superior endplates of L1 and S1). Results The 10 % BW load significantly compressed the L4-L5 and L5-S1 IVDs relative to supine (p \ 0.05). The upright and upright plus 10 % BW backpack conditions significantly compressed the anterior height of L5-S1 relative to supine (p \ 0.05), but did not significantly change the lumbar length or lumbar lordosis. Conclusions The L4-L5 and L5-S1 IVDs compress, particularly anteriorly, when transitioning from supine to upright position with a 10 % BW backpack. This study is the first radiographic analysis to describe the adult lumbar spine wearing common backpack loads. The novel upright MRI protocol described allows for functional, in vivo, loaded measurements of the spine that enables the study of spinal biomechanics and therapeutic interventions.
Introduction
With an upright magnetic resonance imaging (MRI) machine, investigators can measure the functional weightbearing positions of the spine in vivo. Upright MRI allows patients to recreate positions that bring about their symptoms and may uncover occult findings not seen with traditional supine imaging [1, 2] . Upright MRI has facilitated the study of upright posture's effect on herniated discs, spinal canal stenosis, and lumbar disc heights [3] [4] [5] [6] [7] [8] .
Previous studies report a decrease in intervertebral (IVD) height and lumbar spinal length, as well as an increase in lumbar lordosis, when transitioning from supine to an upright or a simulated upright position [5, 9, 10] . In addition, investigators record an increase in anterior disc height and a decrease in posterior disc height when moving from supine to kneeling [6] . In active-duty US Marines, with prolonged standing and marching, a 51 kg load of body armor and a backpack compresses all the lumbar IVD heights and decreases lumbar lordosis [11] . In children, a 10 % BW load, via a 4 kg backpack, has been shown to compress each lumbar IVD; however, these results cannot be applied to an adult population [7] . To date, there is no published study performing standing measurements in adults wearing common backpack loads.
In an adult population with upright MRI, we imaged the spine consecutively while supine, standing, and standing with a 10 % body weight (BW) backpack load to determine changes in IVD height, lumbar lordosis, and lumbar spine length with increasing spinal load. This novel upright MRI protocol allows for functional, in vivo, loaded measurements of the spine that enables the study of spinal biomechanics and therapeutic interventions. We hypothesize that increased spinal load will compress IVD height, posterior disc height, and lumbar spinal length as well as increase anterior disc height and decrease lumbar lordosis.
Materials and methods
An upright MRI scanner (FONAR Upright MRI, Melville, NY; 0.6 T) imaged the lumbar spine [12] . Six subjects (five male and one female) were recruited per Institutional Review Board guidelines. The subjects were non-smokers with no history of back pain and no previous medical and/ or surgical treatments for back pain. The subjects' weights were 72.1 ± 3.5 kg (mean ± SEM) and heights were 171 ± 1 cm (BMI 24.8 ± 1.0 kg/m 2 ). Average age was 45 ± 6 years.
Subjects were allowed ad lib activity prior to being imaged in the mid-morning or early afternoon, but no exercising occurred within 24 h of the testing. Subjects were initially weighed (to within 0.1 kg) with an EatSmart scale (Wyckoff, NJ). As done in a previous upright MRI study, subjects were required to initially lie supine for 30 min to establish an equilibrated baseline supine measurement prior to the onset of the protocol [7] . Subjects then underwent sagittal T 2 scans of the lumbar spine while supine and then ''upright'' at 84°from the horizontal plane, where bolsters and close verbal/visual communication were used to minimize subject motion during scans (Fig. 1) . The subjects spent about 8 min standing prior to imaging, which is the amount of time needed to change the subject and the MR machine position to the upright condition. The 8 min of standing served as a preload equilibration time for the IVDs, which was considered an adequate amount of time as supported by in vitro IVD biomechanical studies [13] .
After the upright scan, the subject stepped out of the scanner and a Quadrature planar coil (lumbar) was attached to the small of the subject's back, to enhance image resolution, via Velcro Ò straps placed horizontally around the center of the MRI coil, waist, and stomach of the subject. Next, a backpack (Dana design, Hoodoo Spine, Rohnert Park, CA; 1.2 kg) was filled with ceramic tiles and worn in the 2-strap condition without any waist or chest straps and adjusted so that the weight was mainly on the back and evenly distributed across both shoulders. The subject had a total load of 10 % BW made up by the MRI coil (2.3 kg), backpack (1.2 kg), and a certain amount of ceramic tiles. Sagittal T 2 scans were then repeated. The subjects wore the backpack for 10 min during imaging.
Midsagittal images measured the lumbar spinal length, lumbar IVD heights, and lumbar lordosis (Fig. 2) . The midsagittal plane was determined using the spinous processes as a confirmatory landmark. Lumbar spinal length was defined as the distance between the horizontal line drawn at the anterosuperior corner of the L1 vertebral body and the horizontal line drawn at the anterosuperior corner of the S1 vertebral body [14] . For anterior disc height, the distance from the most anterior-inferior corner of the upper vertebrae to the most anterior-superior corner of the lower vertebrae was measured. For posterior disc height, the distance from the most posterior-inferior corner of the upper vertebrae to the most posterior-superior corner of the lower vertebrae was measured. Disc height was obtained from the average of anterior and posterior disc heights according to the Dabbs' method [15] . Disc compression (mm) was the difference in IVD height between the control supine condition and either the standing or the standing plus 10 % BW condition. Lumbar lordosis was defined as the Cobb angle between the upper surfaces of L1 and S1 vertebral bodies [16] . Distances and angles were measured by one independent observer. All measurements were carried out blinded to any clinical information or subject data. Measurements were made with Osirix software, free version 3.6.1 (University Hospital of Geneva, Switzerland), with a screen resolution of 1,024 9 768 pixels. To investigate the difference in anterior disc height and posterior disc height over the three conditions (supine, standing, and standing ? 10 % BW), we conducted a twoway analysis of variance (ANOVA) with repeated measures for each disc level. To determine the effect of load on lumbar disc height, anterior disc height, and posterior disc height, one-way repeated measures ANOVAs were performed. To measure the effect of loading on lumbar lordosis and lumbar spinal length, one-way repeated measures ANOVAs were performed. All ANOVAs and post hoc analyses were conducted using SPSS software (SPSS, Chicago, IL). A priori power analyses with G*Power (version 3.0.10) indicated a sample size of six subjects to be sufficient (power = 0.80) [17] . An a level of p \ 0.05 indicated a statistically significant difference. Data are reported as Mean ± SEM.
To examine inter-observer reproducibility, we compared the measurements of L4-L5 IVD height, lumbar lordosis, and lumbar spinal length for one subject in the standing condition between four independent observers. We investigated intra-observer reproducibility by having one observer record the same measurements for separate instances. Uncertainty was calculated as the standard deviation divided by the mean of the numbers used and then multiplied by 100. Intra-observer analysis had a mean of 11.4 ± 0.3 mm (Mean ± SD) and an uncertainty value of 1.8 %, indicating that 68 % (one standard deviation) of repeated measurements between different observations falls within a 0.6 mm range (Table 1) .
Results
The images were obtained expeditiously in a protocol that was well tolerated by the subjects. Inspection of MR images revealed no significant motion artifact.
The 10 % BW load significantly compressed the L4-L5 disc by 0.94 ± 0.30 mm (*10 %) and the L5-S1 disc by Standing + 10% BW Standing Supine Fig. 2 Midsagittal T 2 MRI images of the lumbar spine while supine, standing, and standing bearing 10 % of the subjects' body weight (BW) in a backpack a n is defined as the number of measurements done either by one independent observer on four separate occasions (Intra-observer) or by four independent observers (Inter-observer) b SD stands for standard deviation from the mean c Uncertainty (%) was calculated as the standard deviation divided by the mean and then multiplied by 100
Eur Spine J (2014) 23:1407-1413 1409 0.65 ± 0.32 mm (*10 %) in relation to supine ( Fig. 3 ; p \ 0.05). However, lumbar disc heights did not significantly change at other levels with added load (Fig. 3 ). In addition, as spinal load increased, the anterior height of L5-S1 disc was significantly compressed in relation to supine by 1.64 ± 0.55 mm (14 %) and by 1.84 ± 0.58 mm (16 %) in the standing (p \ 0.05) and standing ?10 % BW conditions (p \ 0.01), respectively (Fig. 4) . However, the anterior and posterior disc heights did not significantly change at the other levels with added load (Fig. 4) . The magnitude of the anterior disc height compression for L5-S1 in the standing and standing ? 10 % BW conditions in relation to supine was significantly greater than the posterior disc height change (p \ 0.05 for anterior/posterior and disc height; p [ 0.05 loading condition and disc height as well as loading condition and anterior/posterior). In addition, increasing spinal load did not significantly change lumbar spine length or lumbar lordosis (Fig. 5 ).
Discussion
To our knowledge, this is the first adult, upright MRI study to document decreases in lumbar disc heights in comparison to supine posture due to common backpack loads. The similarity of our results to previous studies demonstrates the accuracy of our upright MRI protocol for studying the spine while bearing a load in the functional, upright position. Our results for lumbar disc compression when transitioning from supine to upright are supported by previous studies done only with simulated upright and true upright postures (Table 2 ) [5, 10] . In addition, the observed lumbar disc height compression due to a 10 % BW load is comparable to that measured in a pediatric population (Table 2 ) [7] . When transitioning from supine to upright with and without a backpack, we measured a compression of the anterior L5-S1 IVD height, while previous research documents an increase in the L5-S1 anterior disc height (1.2 ± 0.9; Mean ± SD) when transitioning from supine to kneeling [6] . In addition, the posterior IVD heights did not significantly compress with increasing spinal load as had been previously observed [6] . Nevertheless, the nonsignificant reductions in posterior disc height for L2-3, L3-4, and L4-5 in our study are similar in magnitude (0.5-1.0 mm) to those previously recorded [6] . In our study, the subjects were standing, while the previous study had their subjects kneeling [6] . The loading state of the spine significantly changes between the standing and kneeling position secondary to the changes in flexion and extension [18] . Therefore, the reason for this contrast in results may be due to the differences in spinal posture when kneeling and standing. The compression of the L4-L5 and L5-S1 IVDs when transitioning from supine to upright posture with a 10 % BW load suggests that these discs are either bearing more of the load or are more compliant than the other IVDs. Physiologically, the L5-S1 disc has the lowest proteoglycan content and therefore has the lowest swelling pressure, which is the force that counteracts axial loads [19] . Thus, a disc with the lowest swelling pressure would inherently have the least resistance to spinal loading. On the other hand, the highest incidence of lumbar disc disease occurs at L4-5 and L5-S1 and is attributed to the wider range of motion and higher loads experienced by these discs with lumbar flexion or extension [20, 21] . The compression of the L4-L5 and the L5-S1 disc heights in the loaded upright position may be related to the higher risk of disc disease in this region. Further investigation of lumbar discs under upright loaded conditions in the flexed and extended positions may help to understand this proposed relationship between disc compression, movement, and disease.
Previous research documents a decrease in lumbar spinal length while supine with a 50 % BW axial load, which simulates upright posture [5] . This previous study measured lumbar spinal length from T12, instead of L1 as was done in previous research and this study [5, 14] . Taking this into consideration, our lumbar spinal length measurements of 180.6 ± 3.8 and 181.7 ± 4.6 mm for supine and standing, respectively, are similar to their measurements of 191 and 194 mm before and after compression with a 50 % BW axial load, respectively [5] . The lumbar spine shortens over the first 8 h of upright posture, with 26 % of the loss occurring in the first hour [22] . Lengthening the time spent in the loaded conditions might help elucidate the behavior of the lumbar spinal length under spinal load. However, a longer duration of spinal loading will increase the subjects' discomfort and fatigue potentially contributing to motion artifact in the imaging. The subjects spent about 10 min in each of the spinal loading conditions, which was considered a reasonable preload equilibration time for the IVDs [13] .
Increased spinal loading with a backpack did not change lumbar lordosis, which is similar to a pediatric study (Table 3 ) [7] . In their study, Neuschwander and associates utilized upright MRI to study the lumbar spines of children (ages 11 ± 2 years) wearing 4 kg (*10 % BW), 8 kg (*20 % BW), and 12 kg (*30 % BW) backpacks. However, Chow and associates, using a five-camera motion system, reported a decrease in lumbar lordosis in teenage males wearing similar backpack loads of 10 % BW as well as 15 and 20 % BW. The camera motion system utilized skin markers, which is a less accurate measurement tool than upright MRI and may be influenced by body fat distribution and skin/soft tissue deformation. Alternatively, in an adult population, backpacks heavier than 10 % BW load may be necessary to observe a decrease in lumbar lordosis.
This novel upright MRI protocol for studying the loaded spine, in vivo, has many clinical and research applications. The measurements of IVD height change give us a functional measure of mechanical compressibility, which can be correlated to structural and compositional changes [23] . Table 2 Comparison of studies on lumbar disc compression a Kimura et al. [5] utilized a 50 % BW axial load to simulate upright posture. Data were estimated from their previously published graphs b Anterior and posterior disc height data from Lee et al. [6] were averaged to estimate disc height Current study Neuschwander et al. [7] Kimura et al. [5] a Lee et al. [6] b Tarantino et al. [10] n (number of subjects) Table 3 Comparison of studies on lumbar lordosis Current study Neuschwander et al. [7] Madsen et al. [4] n (number of subjects)
Supine 55 ± 4°56 ± 5°50°S tanding 57 ± 4°60 ± 3°44°S tanding ? 10 % BW 56 ± 6°58 ± 5°E ur Spine J (2014) 23:1407-1413 1411 In addition, the measurement uncertainty of IVD compression (0.6 mm) establishes the lower limit of resolution for the clinical application of this MRI protocol. Clinically this protocol could be utilized to study the effectiveness of therapeutic interventions to improve spine health [23] . Given recent research documenting limitations in the diagnostic accuracy of non-functional supine MRI for detecting IVD herniation and spinal stenosis, we believe that our functional, upright MRI protocol could improve both the sensitivity and specificity of this imaging modality [24] . Current research is underway, using this protocol, to study the effects of microgravity on the lumbar spine of astronaut crewmembers after prolonged microgravity exposure on the International Space Station, because low back pain is a serious concern among the astronaut corps [25] [26] [27] . Our study has some limitations. We did not rigorously control for the time of day when the subjects were tested. This was because of logistical reasons related to availability of the subjects and the MRI scanner. The subjects generally were tested a few hours before or after noon. On the day of testing, the subjects did not exercise or participate in an unusual level of activity prior to testing. We acknowledge that throughout the day the spine shortens, but the most height decrease occurs during the first hour after rising [28, 29] . Conversely, the majority of that IVD height loss is regained within the first hour after lying supine [28] . As has been done in previous upright MRI research, we required 30 min of supine rest prior to imaging to establish an equilibrated baseline supine measurement prior to the onset of the protocol [7] . In addition, due to the weight of the backpack and the time spent standing, there is the possibility of motion artifact in the images. Fortunately, the images did not show any significant evidence of motion. We minimized the time spent standing with and without the backpack, and provided the subjects with adequate rest breaks between imaging cycles. The subjects also had bolsters within the MR scanner for stabilization (Fig. 1) . In addition, in the MRIs of one subject, who was a flight-ready NASA crewmember, revealed asymptomatic, multilevel spinal pathology (Fig. 2) . The presence of these spinal abnormalities in MRI is common in asymptomatic adults [30] .
Conclusions
The L4-L5 and L5-S1 IVD heights compress, particularly anteriorly, when transitioning from supine to upright position with a 10 % BW backpack. This IVD height compression may be due to higher forces applied at these levels or due to different material properties that result in a higher compliance. This study is the first radiographic analysis to describe lumbar spine deformation in an adult population wearing common backpack loads. The novel, upright MRI protocol described will allow for future comparison of spinal therapeutic interventions in a more functional, weight-bearing environment.
